We have measured the resistivity of the organic conductor TTF-TCNQ under high pressure up to 8.0 GPa using a cubic anvil apparatus. Below 3 GPa, the pressure dependence of the charge-density-wave (CDW) transition temperature, T CDW , is consistent with previous results, except for the observation of the ''49 K-transition'' at around 1 GPa. Above 3 GPa, T CDW decreases with increasing pressure but the CDW state survives even at 8.0 GPa. At 8.0 GPa, however, the resistivity shows metallic behavior below 25 K after the CDW transition with T CDW ¼ 31 K. The origin of suppression is discussed in terms of the imperfect nesting originating from the increase in the interchain transfer integral, the significant deviation from the third-order commensurability, as well as the bandwidth broadening for both TTF and TCNQ stacks. The complete suppression of the CDW phase is expected near 9 GPa.
The birth of organic conductor tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ), comprising weakly coupled one-dimensional (1D) molecular stacks, opened a vast area of research in 1973. 1, 2) TTF-TCNQ exhibits a monoclinic crystal structure 3) built up from parallel segregated stacks of TTF and TCNQ along the b-direction, as shown by Fig. 1 . This was the first molecular crystal to show metallic behavior down to $60 K, below which it exhibits a series of phase transitions associated with charge-densitywaves (CDWs) at T H ¼ 53 K, T I ¼ 49 K, and T L ¼ 38 K, which successively destroy the metallic conductivity of TCNQ and TTF chains. [4] [5] [6] The discovery of TTF-TCNQ and its remarkable low-temperature behavior triggered enormous interests in the physics and material design of molecular conductors. [5] [6] [7] From the beginning of the history of organic conductors, the suppression of the CDW state by an increase in the interchain coupling between stacks (applying hydrostatic pressure, for example) was considered as one possible remedy to realize metallic and superconducting ground states in TTF-TCNQ and its derivatives. 5, 6) For TTF-TCNQ, previous high-pressure experiments by Jérome et al., [4] [5] [6] however, showed that the CDW state is further enhanced under high pressures of up to $3 GPa, and therefore the stabilization of superconductivity under pressure is impossible, at least below 3 GPa. Moreover, the CDW transition becomes noticeably of the first order only near 1.9 GPa, [4] [5] [6] 8) which has been understood in terms of the third-order commensurability between the CDW and the underlying lattice by the increase of the charge transfer between TTF and TCNQ from N ¼ 0:59 carriers/unit at ambient pressure to N ¼ 0:66 (or 2/3) at around 1.9 GPa due to the bandwidth broadening for both TTF and TCNQ stacks. 9, 10) The failure of TTF-TCNQ to realize superconductivity is explained by considering the small value of the interchain transfer integral [11] [12] [13] [14] [15] and the requirement of higher pressure for metallization of TTF-TCNQ. 5, 6) With further increase in pressure, the charge transfer of N > 0:66 is expected, leading to a deviation from the third-order commensurability. Thus, an investigation of the CDW state in TTF-TCNQ beyond 3 GPa is an intriguing study in the field of organic molecular cystals. 7, [16] [17] [18] [19] [20] In this Letter, we report the experimental results of resistivity measurement for TTF-TCNQ under high pressures of up to 8.0 GPa using a cubic anvil apparatus. Our high-pressure experiment is motivated by our interest in unexpected quantum states as well as in the novel superconductivity behind the robust CDW state in TTF-TCNQ. The temperature dependence of the resistivity b ðTÞ of TTF-TCNQ under pressure was measured by a conventional four-probe dc method with an electric current along the b-axis, which is parallel to the 1D chain. The current was maintained sufficiently low to ensure Ohmicity all throughout the measurements. We used the cubic anvil apparatus 21) to measure the resistivity under high pressure up to 8.0 GPa in the temperature range between 2.5 and 300 K. Pressure was calibrated using the Bi I-II (2.55 GPa), II-III (2.70 GPa), III 0 -IV (7.70 GPa) transitions at room temperature. Our cubic anvil apparatus rigorously maintains a constant pressure in the course of the temperature cycle. We used Daphne 7373 oil 22) as a pressure-transmitting medium. Two single crystals named #0602 and #0603 samples were examined by our cubic anvil system to check the reproducibility. Figure 2 shows the b-axis resistivity of the #0602 sample as a function of temperature at various pressures up to 8.0 GPa. At 1.1 GPa, the resistivity exhibits a metalinsulator (M-I) transition at around 54 K. In addition, we observe two resistivity anomalies showing up in the inverse temperature derivative of resistivity at 47 and 43 K as clear peaks (see Fig. 3 ). The origins of the phase transitions will be discussed later. Above 1.5 GPa, only a single CDW transition appears. Interestingly, the CDW state is gradually suppressed with increasing pressure above 3.0 GPa. We find the resistivity anomaly associated with the CDW transition near 30 K even at 8.0 GPa. At 8.0 GPa, however, the resistivity shows metallic behavior below $25 K after the CDW transition, which is reminiscent of a typical semimetallic CDW state in NbSe 3 . [23] [24] [25] [26] [27] This observation tentatively suggests a remnant Fermi surface after the CDW formation. A superconducting transition might occur below 2.5 K.
To further characterize the nature of the CDW state under high-pressure, dðln Þ=dð1=TÞ is plotted as a function of temperature in Fig. 3 . The CDW transition temperature T CDW is defined by the peaks in dðln Þ=dð1=TÞ. At 1.1 GPa, we find three clear peaks in dðln Þ=dð1=TÞ at 43, 47, and 54 K for the #0602 sample. The #0603 sample also shows similar peaks at 41, 44, and 54 K at 1.0 GPa. For the #0602 sample, the strongest peak at 43 K and the broadest peak at 54 K associated with the M-I transition almost coincide with T L (''38 K-transition'') and T H (''53 K-transition'') in the previous temperature-pressure (T-P) phase diagram, respectively. The peak at 47 K may correspond to T I (''49 Ktransition''), although previous result shows that the ''49 Ktransition'' was rapidly suppressed by applying a pressure of only 0.4 GPa. [4] [5] [6] The peak structure becomes most prominent at 1.5 GPa, which is related to the commensurability locking near 1.9 GPa. [4] [5] [6] 8) Above 3.0 GPa, T CDW decreases from 68 K for 3.0 GPa to 31 K for 8.0 GPa with increasing pressure and the peak structure becomes broader LETTERS with increasing pressure. The decrease in T CDW and the broadening of the phase transition may be attributed to the increased dimensionality and the significant deviation from the third-order commensurability by applying high-pressure. Figure 4 shows the T-P phase diagram of TTF-TCNQ derived from the resistivity measurement for two samples, together with previous reports.
4-6) At 1.8 GPa, we observed a striking increase in T CDW (¼ 72 K) due to the commensurability locking for the #0603 sample, which is in good agreement with previous reports. [4] [5] [6] 8) For pressures lower than 3 GPa, the pressure dependence of T CDW is consistent with previous results [4] [5] [6] except for the observation of the ''49 K-transition'' near 1 GPa. Above 3 GPa, the CDW phase is gradually suppressed with increasing pressure. From this T-P phase diagram, the complete suppression of the CDW phase is expected near 9 GPa, where superconductivity is hopeful.
The activated behavior of the resistivity vs inverse temperature for various pressures is shown in Fig. 5(a) for the #0602 sample. We note that in the low-temperature limit, the resistivity profile shows the downward deviations from the activated behavior, which becomes more evident with increasing pressure. We confirmed that the resistivity is independent of the applied current, so the low-temperature leveling off of the resistivity increase is not due to the Joule heating and a depinning of the CDW state but the intrinsic. We speculate that the downward deviations from the activated behavior arise from the restoration of the Fermi surface under high-pressure as the CDW state is suppressed. Figure 5 (b) shows the activation energy Á 0 as a function of pressure, which is derived from the the Arrhenius plots in Fig. 5(a) . Near 1.8 GPa, the pressure dependence of activation energy shows a peak, which is explained by the thirdorder commensurability locking. 4) For pressures beyond 3 GPa, the activation energy decreases monotonically with increasing pressure. Beyond 7 GPa, the magnitude of activation energy is estimated to be a few meV and is directing towards 0 K near 8 GPa, suggesting that the CDW state is likely to be suppressed near 8 GPa. Figure 6 shows the pressure dependence of 2Á 0 =k B T CDW , which is a measure of the interaction strength leading to the CDW formation. The data corresponding to 1.0 and 1.1 GPa are omitted because of the three phase transitions. In quasi-1D CDW systems, 2Á 0 =k B T CDW is usually found to be enhanced above the mean-field (MF) value of 3.52 and ascribed to a strong 1D nature. The ''strength'' of the phase transition 2Á 0 =k B T CDW shows a sharp peak near 1.8 GPa due to the commensurability locking 4) and decreases with increasing pressure above 2 GPa, roughly suggesting the crossover from a strong-coupling limit to a weak-coupling limit with increasing pressure. For pressures lower than 3 GPa, the magnitude of 2Á 0 =k B T CDW is larger than the MF value, 2Á 0 =k B T MF ¼ 3:52, where T MF is the MF transition Pressure dependence of activation energy in TTF-TCNQ for two samples, together with previous data. [4] [5] [6] The solid line is a guide for the eyes. Beyond 7 GPa, the magnitude of activation energy is estimated to be a few meV from the Arrhenius plots. temperature. Beyond 3 GPa, however, it becomes much smaller than the MF value, that is, T CDW > T MF . It is believed that only below T MF , the gap (or its precursor, the fluctuation-induced pseudogap) can appear; in this sense, T MF strictly limits the temperature range where any gaprelated features can possibly observed. Therefore, it is difficult to explain 2Á 0 =k B T CDW < 3:52. Rather, this behavior may be caused by the underestimation of Á 0 because the downward deviations from the activated behavior become more evident with increasing pressure, especially beyond 4 GPa. Applying pressure will enhance the imperfect nesting of the Fermi surface, 14, 28) leading to the downward deviations from the activated behavior, as seen in Fig. 5(a) . Thus, we conclude that beyond 3 GPa, 2Á 0 =k B T CDW < 3:52 is attributable to the imperfect nesting originating from the increased dimensionality induced by applying pressure.
Next, we discuss the effect of pressure on the charge transfer N from TTF to TCNQ beyond 3 GPa. Previously, the increase of the charge transfer under pressure was interpreted to be due to the increase in the parallel bandwidths for both stacks assuming the band centers to be constant. 10) A recent theoretical study, 15) however, predicted that a drastic change appears in the charge transfer for uniaxial compression along the a-axis. Here, we expect that the interchain transfer integrals along the a-and c-axes are strongly enhanced by applying a pressure above 3 GPa, as well as the intrachain transfer integral along the b-axis. As shown in Fig. 1 , the TTF columns and the TCNQ columns are alternately arranged along the a-axis.
3) Thus, we speculate that the increase in the interchain transfer integral along the a-axis causes a remarkable increase of the charge transfer from TTF to TCNQ, leading to a significant deviation from the third-order commensurability and therefore to a strong suppression of the CDW state.
Finally, we discuss the effect of pressure on the hybridization gap induced by the interchain coupling between the TTF and TCNQ stacks.
5) The bands derived from the TTF and TCNQ molecular orbitals cross at the Fermi level. 5, 6) With increasing the interchain coupling, however, the hybridization gap will open and the degeneracy at the crossing points is removed. 5) As a result, the semimetallic Fermi surface will appear as small pockets of electrons and holes. Therefore, the hybridization gap contributes to a decrease in the density of states at the Fermi level, which may account for the lowering of T CDW as the interchain coupling increases. 5, 6, 11, 15) In summary, we have investigated the T-P phase diagram of TTF-TCNQ by resistivity measurement up to 8.0 GPa. We find that the CDW state is gradually suppressed with increasing pressure beyond 3 GPa. At 8.0 GPa, resistivity shows metallic behavior below 25 K after the CDW transition with T CDW ¼ 31 K. Such suppression may be due to the imperfect nesting originating from the increase in the interchain transfer integral, the significant deviation from the third-order commensurability, as well as the bandwidth broadening for both TTF and TCNQ stacks. From the T-P phase diagram of TTF-TCNQ, the complete suppression of the CDW phase is expected near 9 GPa, where superconductivity is hopeful. A higher pressure experiment beyond 8 GPa is now in progress.
